Absfi-ucf-Designing from the view-point of decision making is discussed. In sorting design problems the stages strategy, tactics, and execution, called the decision making cycle, must always occur, it is assumed. Particular design meetings are included in this decision making cycle to obtain improved structuring of the design process. These meetings play an essential role in promoting good communication between designers and other interested parties. The design meetings include decision analysis ( D A ) , potential problem analysis (PPA), failure mode and effect analysis ( F M E A ) and design for production (DFP) in a described way. Furthermore, progress controls in the decision making cycle, are included which should ensure faster feedback about the progress of a project involving checks of the management aspects quality, throughput time and costs. The necessity of this approach by means of data gathered from an industrial automation department is illustrated.
INTRODUCTION

S A RESULT of changes in market conditions the life-
A cycles of product types and related production equipment become shorter and the pressure on the throughput time of product renewal increases. Because of this, there is growth in the demands made on the controllability of design processes involving quality, throughput time, and costs.
Hemels and van Mal [6] , in a recent publication, have applied rational decision making [ l I], [12] , [14] as an organizational concept to the design range of products and processes and showed that this approach can be very useful for increasing the controllability of the design process. The attention of the designer can be more focussed on the creation of proper solutions rather than spending time on redoing designs because of poor decision making. In this paper it is proposed to integrate rational decision making, methodical designing, particular design meetings and progress controls.
We assume that in solving problems the following three stages in the so called, decision making cycle, must always occur [13] , [14] : strategy, tactics, and execution, by which improved structuring is obtained. For promoting good communication between designers and other participants in the design process we will introduce design meetings in the decision making cycle. These particular meetings play an essential role in systematically gathering relevant design information. During these meetings interested parties, e.g., service and production, will criticize the design from their view-point. The particular Manuscript received February 29, 1988; revised June 1989 , we shall illustrate in this article the extent to which the design process can get out of hand as regards quality, throughput time and costs, to stress the necessity for the improved decision making.
Further we shall consider designing as a complex decision making process and illustrate the complexity of design activities from this point of view. In addition we shall consider the exact position of the design meetings, like DA, PPA, FMEA, and DFA, within the decision making cycle.
In conclusion, we will consider the role of the computer within this framework.
MANAGEMENT ASPECTS
The management aspects quality, throughput time and costs [6] , [ 161 are the criteria for judging industrial productivity. The activity is judged to have been adequately managed if it meets the criteria for quality, time and costs. In other words, the result of the design activity must meet the preset quality standards, it must be available at the required time, and the costs involved must not exceed the budget estimate. Of course, the quality standards will not remain constant over the duration of the design process, exposed as they are to possible changes in their environment.
In order to judge the extent to which the design process of production equipment, e.g., industrial automation, has been well managed, the following significance is attached to the aspects given below. The quality of the design process becomes measurable when the production equipment is put into use and the expectations for its planned operational life are met or not. This requires permanent feedback about the way it functions, including, e.g., recording of the mean time between failures 0018-9391/90/0800-0185$01 . OO 
90.
en.
P E Z T S 70'
Ratio of actual and planned throughput time. of the production equipment supplied [ 101. Unfortunately it takes a very long time to get insight into the quality aspects of production equipment. The throughput time, in this article the development time, relates to the time between the start of the design and the moment that the production equipment becomes available to the production area. The costs for development cover the required capacity and material for designing the production equipment.
PRACTICAL EXAMPLE INVOLVING TIME AND COSTS
The data from the practical example given below refer to the whole design range from conception to delivery of production equipment. Data about the function of the production equipment during operation were not available. Therefore we cannot judge the quality of the design process of the different projects in this example. We will restrict ourselves to discussing the costs and throughput time aspects.
The realization of the projects considered in this research generally involved several man-years and the throughput time often covered more than one year. The data available are the basis of Figs. 1 and 2.
In Fig. 1 we see that in less than 20 percent of the projects the budgeted costs were exceeded. This is probably the result of the way we interpreted the available data. We assumed that the total final budget of a given project covers the estimated project costs, and that no costs were booked on other commission numbers. In view of the often occurring decisions to adapt the initial budget this assumption may however be unrealistic in practice. Fig. 2 shows that the planned throughput time was exceeded considerably in many cases.
If we do not assume that the final budget is representative of the estimated costs, then the phenomena described above can be explained by one or more of the following causes: 1) insufficient experience in determining a realistic throughput time and setting up a feasible cost budget; 2 ) lack of design capacity, thus making it necessary to spread the project out over a longer period of time; 3) lack of a project-oriented organization so that the work on given projects can come to a stop unnoticed; 4) adverse effects on throughput time because of too frequent modifications of the specifications at an advanced stage of the project.
The design capability of the industrial automation department can be characterized as follows. About 50 designers excluding the persons in the workshop and test laboratories, with a high education level and skill think out new concepts, design and make detailed drawings of components of complete machine groups. The yearly output is roughly ten highly automated complex manufacturing systems (machine groups). The industrial automation department is part of a big manufacturer of consumer products.
DESIGNING AS A DECISION MAKING PROCESS
If we regard designing as a complex decision making process, the analysis of existing design processes is possible on the basis of decision making models. The Mintzberg model [15] is one in which every decision making process begins with stimuli to take action; the end result of the decision making process is the appropriate action. This general model assumes that any decision process includes the recognition of problems and opportunities, diagnosis of problems, search for and design of alternative solutions and selection by judgment, analysis and discussion of the most useful solution. Fig. 3 shows the course of decision making in one actual case of an industrial automation project. The decision making in this case resembles the Mintzberg model fairly well. Decision making is correct if all stages of the Mintzberg Model have been gone through in the right sequence. It is clear however that hardly no time was spent on searching for already existing solutions. From our research it appears that the course of decision making and the product documentation are not explicit enough. This always leads to insufficient timely and systematic input of knowledge and experience of all the involved participants in the design process. For example, production engineers should have the opportunity to criticize a newly created design for considerations of producibility. To obtain improvement, particular meetings and appropriate documents are necessary [6] .
NEED FOR IMPROVING MANAGEMENT STRUCTURE The phenomena described above and their several causes make it essential to have a better management structure for the design process. Such a management structure must make faster feedback possible by dividing the relatively long design period into shorter stages as is used in project management [l]. In other words this structure must be a basis for progress control in a project involving throughput time and costs. Furthermore, the earlier mentioned feedback on matters of quality must be incorporated [ 6 ] . The management structure must also promote timely and systematic input of as much knowledge and experience as possible in the decision making process and stimulate good communication between designers and other interested parties. This requires a management structure which includes design meetings (DA, PPA, FMEA, and DFP), with an agreed flow of documents forming an essential part.
The decision making cycle elaborated in the present article is based on the assumption that in sorting problems the following three stages must always occur: 1) strategy (S): the problems and standards are laid down here; 2) tactics (T): alternatives are researched and the best solution is selected; 3) execution (E): the design solution is translated into an operational plan.
Each partial stage can itself be regarded as a problem and therefore likewise be subdivided into similar phasing. Fig.   3 also shows, indicated by dotted lines, the relationship between the Mintzberg model and the decision making cycle. Strategy includes recognition and diagnosis, tactics involves search, design, judgment, analysis, and discussion, and execution resembles authorization.
Before discussing the possibility of setting up a managerial structure based on the decision making cycle (strategy, tactics and execution), we first shall illustrate the complexity of design processes from the view-point of decision making.
COMPLEXITY OF THE DESIGN PROCESS
If we apply the thought process described above to the total product-renewal range including the conception, design and realization of the product, processes and production equipment, we obtain a picture as sketched in Fig. 4 .
The various phases involve many decisions. Decisions on the product processes and production equipment concern each the strategy, tactics, and execution. Decisions on the production equipment are embedded in those on the processes. Decisions on the processes are embedded on their turn in those on the product. Even in smaller companies many people with different backgrounds are involved in the design process and are responsible for specific decisions. These large numbers of decisions and the many persons involved make the design process very complex from the view-point of decision making.
If we project the decision making cycle onto the process of designing production equipment the complexity of the design process, from the view-point of decision making, can be illustrated even better. If we regard the production equipment to consist of an hierarchy of interrelated functions, we have a phasing as shown in Fig. 5 .
The functions of the machine group can be split up into several functions corresponding with different machines. During the respective phases of designing the machine group or machine or unit, an attempt is always made to translate the functions of a required machine into a set of interrelated functions of units or components. Detailing refers to laying down a solution of a problem in the form of a set of drawings of all components. In accordance with the decision making cycle we subdivide the strategy and tactics stages again. This subdivision includes a number of part-stages in which three progress controls transfer, agreements and authorization can be embodied. Transfer involves the setting of targets, agreements the proof on the feasibility of the targets and authorization the extent to which the targets are met. This subdivision (see Fig. 6 ) of the stages strategy and tactics makes it possible to indicate the exact position of DA, PPA, FMEA, and DFP within the decision making-cycle. The sequential part-stages are as follows.
Strategy (S)
package of requirements and wishes.
S: Establishing completeness of desired function and
T: Planning for supplement of deficiencies. E: Supplementing the lacking data.
Tactics (T)
S: Generating alternative solutions. T: Undertaking DA. Here the extent to which the alternative solutions meet the requirements is verified.
Undertaking PPA. The degree to which the various solutions can stand up to deleterious influences from the environment (e.g., changes in market demand).
Choosing a best alternative based on the DA and PPA. E: Laying down the best alternative. Undertaking FMEA; here the emphasis lies on environmental risks that can be involved in the event of failure of a given solution.
of strategy and tactics
Undertaking DFP. Here the emphasis lies on the possible necessity of changing the design for considerations of producibility of parts, assembly (DFA [4] ), transportability and measurability.
The design meetings DA, PPA, FMEA, and DFP play an essential role in promoting good communication on the relevant design aspects between designers and other interested parties. The communication must involve the timely and systematic input of knowledge and experience available in an organization in the design process.
DA and PPA mostly involve a number of different alternative solutions and serve to promote a well-balanced selection from such alternatives. In the case of an FMEA and DFP the preference for a given solution has already been expressed and the main issue is the optimization of the solution that has already been worked out in detail. In a PPA the main concern is risk from the environment which may have a bearing on any solution and, in the case of an FMEA, it is the actual failure behaviour of the solution itself.
The DA, PPA, FMEA, and DFP will usually occur at meetings to be convened by the designer. These design meetings cannot succeed without contributions from representatives of the environment of the design process concerned, like product and process developers, and representatives from the trade and production field. For example, these people may contribute by criticizing designs from the view-point of possible changes in market conditions, serviceability, etc.
The prescription in Fig. 6 seems very simple and linear, but can be used as an important guiding principle for structuring all design activities.
In practice it will not be necessary to convene all the design meetings as proposed. Also the persons to be invited will differ for almost every meeting. This depends on, among other things, the size of the design projects and uncertainty level. In so-called high technology industry, where profits come from new concepts, the emphasis will be more on DA and PPA. In companies, for instance automative industry, where design is evolutionary and production quantities are large, FMEA and DFP will become more important. The prescription is less linear in practice because a design project consists often of paralleled and interrelated subprojects (Figs. 4 and 5) . In case of great uncertainty the actual design is not so straight forward but iterative. During a progress control it can be concluded that the designer has to return to earlier decision stages in case he encounters unsurmountable problems.
PROGRESS CONTROLS
During the various controls (transfer, agreements and authorization) which serve as reasons for convening meetings, the management aspects are used to see whether the project is still running according to plan and/or has to be adjusted because of shortcomings (short-term feedback). The conclusions and agreements reached at these meetings are reported tersely in the collective minutes in one single document representing the history of the whole project. It can, moreover, be necessary to introduce changes in the way the project has been organized and information set out. The organization and information aspects comprise the content side of the design process. The main matter involved during the transfer is the setting up of targets, during agreements the proof on the feasibility of the targets, and during authorization the extent to which the available solution meets the targets. Progress controls will always be necessary. These controls serve as important checks for the money supplier to get a better insight in the progress of design projects and keep the involved designers informed of new and changed targets. Of course informal meetings are essential and must be stimulated.
The measures necessary in the course of the various progress controls appear in Fig. 7 . The figure can be regarded as the initial step in providing systematically ordered answers to the questions which inevitably arise in the course of progress controls so that designers get the support they need. For considerable time the computer has been playing an im-portant role in the design process. It is one which is mainly evident in such activities as drawing, calculating, simulating, optimizing, etc.
[13]. But, it scarcely plays a worthwhile role in support of communication within the product-renewal range. Within this framework and in view of the management structure sketched out on the basis of rational decision making, the computer could be used for several activities (see Fig.  7 ). These include support of designers in running through the sequence of stages comprising the decision making range and generation of reports in support of the various meetings to be held (short-term feedback). Important in this approach is that the documents representing the history of the completed projects are filed in the computer and are easily accessible to the designers, projectleaders etc. Furthermore, the computer can support the designers in ordering the data concerned in finished projects. Then these data can be made available, e.g., as checklists, and can be applied both in current projects (feedback in the medium long term) as well as in reorganization of the design process itself (longterm feedback).
CONCLUSION
The integration of rational decision making, methodical designing, particular design meetings, and progress controls can give rise to improved manageability of the designing process. Characteristic of such a set-up is the fact that the nature of the DA, PPA, FMEA, and DFP comes out all the more clearly. [19] These are multidisciplinary meetings with the object of promoting timely and systematic input of as much as possible knowledge and experience existing within an organization in the design process.
The approach presented indicates the computer to be capable of giving valuable support to design activities.
The management structure referred to has already been applied in two departments for product development and in an industrial automation department.
